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1
DISTRIBUTED OPTICAL FIBRE SENSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is the national phase under 35 U.S.C. §
371 of International Application No. PCT/GB2011/052183,
filed on Nov. 9, 2011, which claims priority to and the benefit
of U.K. Patent Application No. 1019117.9, filed on Nov. 11,
2010, the entire disclosures of each of which are incorporated
by reference herein.

The present invention relates to distributed optical fibre
sensors, in which one or more physical parameters are sensed
as a function of position along a sensing optical fibre from the
properties of probe light backscattered within the sensing
fibre. In particular, but not exclusively, the invention relates to
optical time domain reflectometry (OTDR) sensors for use in
sensing vibration, and such sensors which use phase sensitive
OTDR techniques such as through the detection of coherent
Rayleigh noise, or other interferometric techniques.

INTRODUCTION

Distributed optical fibre sensing is a well known approach
to providing information about environmental conditions sur-
rounding a sensing optical fibre. Fully-distributed sensing in
principle provides spatially resolved information from every
point along the fibre. Variables that can be sensed include
temperature, static strain, pressure, and vibration.

One such technique detects variations in refractive index,
induced by a physical forcing such as vibration, in the coher-
ent Rayleigh noise profile of light backscattered within a
sensing optical fibre interrogated by an optical source of
limited bandwidth. Such Rayleigh noise profiles arise from
interference between the many components of the backscat-
tered light originating from different points along a portion of
the sensing optical fibre illuminated by the optical source.
Such techniques are described, for example, in WO2008/
056143.

It would be desirable to address problems and limitations
of the related prior art.

SUMMARY OF THE INVENTION

Accordingly, the invention provides a distributed optical
fibre sensor for determining at least one parameter, typically
aphysical parameter, from properties of probe light backscat-
tered within the sensing fibre, the sensor comprising: a probe
light source arranged to launch probe light pulses into the
sensing fibre, the probe light pulses including groups each of
two or more probe light pulses having different optical wave-
lengths to each other; a detector arranged to detect probe light
backscattered in said sensing fibre, including separately
detecting light of each of said different wavelengths; and an
analyser arranged to determine said parameter as a function
of position along the sensing fibre from at least some of said
detected backscattered probe light, or from the detected back-
scattered probe light of at least some of the pulses of the
group.

In particular, the parameter may be a parameter of the
environment around the sensing fibre, such as static pressure,
temperature, vibration, or strain on the fibre exerted by the
environment, and to which the fibre is responsive.

Such apparatus provides a number of benefits, depending
on how the probe light pulses are controlled, detected and
analysed. For example, an important performance feature of
some distributed optical fibre sensors, such as vibrational
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sensors, is the maximum frequency of detection or response.
In optical fibre distributed sensing systems where the inter-
rogation of the sensing fibre is arranged to provide spatial
mapping in the time domain, the maximum frequency of
response is limited by the round-trip time required for light to
travel at least once between the two ends of the sensing fibre.
For very long sensing fibres, this limitation can become
troublesome.

The backscattered light from each pulse of a group, and
therefore of each different wavelength, may be detected using
a separate photodetector, such as a separate photodiode. Par-
ticular embodiments may use three, four, or more different
optical wavelengths in a group of pulses, and may use a
corresponding number of photodetectors.

The pulses of each group may be launched such that at least
backscattered light from all the pulses of each group coexists
within the sensing fibre, and the detector may then both
separately and simultaneously detect light of each of said
different wavelengths.

Accordingly, the probe light source may be arranged to
interleave launching of the probe light pulses of different
wavelengths, and the analyser may be arranged to construct,
for a plurality of positions along the sensing fibre, time series
of said physical parameter by interleaving data derived from
the detected backscatter of probe light for each of said differ-
ent wavelengths.

Using this technique, multiple probe light pulses can be
launched and the corresponding backscattered light from
each pulse separately detected within the time frame in which
only a single probe light pulse of a single wavelength can be
used. An acoustic sensor can therefore be provided with an
enhanced acoustic range extending to higher frequencies than
a corresponding sensor using a single probe wavelength.

The apparatus may be arranged, for example, to launch said
probe light pulses such that interference signals from each
wavelength can be detected in the backscattered light, to
detect said interference signals in the backscattered light of
each optical wavelength, and to determine said parameter as
a function of position along the sensing fibre from said
detected interference signals.

The intensity of light reflected back toward the illuminated
end of the sensing fibre in various types of distributed fibre
optic sensors, and in particular sensors using coherent Ray-
leigh noise or other interferometric techniques, is not intrin-
sically a linear function of the instantaneous amplitude of the
physical parameter to be detected. Rather, the response char-
acteristics for a linear change in the local forcing, such as a
vibration-induced strain of the sensing fibre, is periodic and
of variable sign and scale factor. This occurs because of the
interferometric nature of the optical response. The optical
response of the backscattered light to changing strain is gov-
erned by a proportional change in relative phase imbalance
between parts of a probe light pulse reflected from different
positions along the fibre. The net result of the changing phase
on the sum of all of the backscattered components is typically
to generate a sinusoidal variation of backscattered intensity as
the relative phase is changed linearly. Moreover, since the
starting point of the intensity change may be at any point
within the sinusoidal response, a given fractional change in
vibrational strain can generate either a positive or negative
fractional change in intensity, and with a scale factor that can
vary between zero and some maximum value that depends on
the interferometric fringe visibility within the optical system.
Since the lower limit of vibrational strain that can be detected
by the system is also limited by system noise arising from
various sources, the dynamic range of the response of the
system is constrained to lie within a certain range of vibration
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amplitude, and within an even more restricted range if a linear
response is desired. A linear response is often desirable.

Accordingly, the probe light source may be arranged to
launch some or all of the probe light pulses of a group with
different pulse durations. For these purposes, the pulses of a
group need not have different wavelengths, for example iftwo
or more of the pulses are launched at sufficient spacing that
they can be separately detected when of the same wavelength.
The magnitude of the phase imbalance experienced by a
probe light pulse for a particular physical forcing, and there-
fore the scaling of the response characteristics of the sensor,
is dependent upon the length of the probe light pulse. By
launching probe light pulses of different durations, a range of
response characteristics can be achieved at the same time. In
particular, the pulses of different duration may be launched
within a time frame so as to coexist within the fibre, or for
some applications much closer together, for example so as to
overlap, or spaced so as not to coexist within the fibre.

One application of this technique is for the analyser to be
arranged to compare between data derived from the detected
backscatter of the pulses of different pulse durations in the
group. The analyser can then also be arranged to derive a
measure of non-linearity of response characteristic for each
pulse duration. The sensor may then be arranged to adjust
durations of launched probe light pulses dependent upon the
results of said comparison. Using such a scheme, the sensor
can adaptively provide a more linear response across particu-
lar sections or the whole of the sensing fibre, for example by
selecting a pulse duration for use in determining the physical
parameter which gives the optimum signal to noise ratio
without excessive non-linearity.

In another application of this technique the analyser is
adapted to weight the use of data derived from the detected
backscatter of the pulses to preferentially select for data from
a subset of the different pulse durations. For example, data
from pulse durations where non-linearity is evident may be
rejected or be used with a low weighting. Data from pulse
durations with a level of non-linearity below a certain thresh-
old may be preferentially or exclusively used. Data with the
maximum pulse length duration where the level of non-lin-
earity is still below the threshold may be preferentially or
exclusively used, in order to select for the data with the
strongest response characteristics without being unduly com-
promised by non-linearity.

Data from different pulse lengths or durations may be
selected for different positions or regions along the sensing
fibre, even from within pulses of the same group. In this way,
the dynamic range of the sensor can be optimised for local
conditions such as areas with high levels and low levels of
noise.

Generally, the local phase imbalance at any point along the
sensing fibre is highly sensitive to the wavelength of the probe
light pulse. However, it is observed that by careful control of
the probe light wavelength, the phase biases in the interfero-
metric backscatter signals arising from pulses of different
wavelengths can be aligned or brought into a particular spac-
ing, and that these relative phase biases between the different
wavelengths can be maintained along much or all of the
sensing fibre. As a result, the relationship between the
response characteristics for pulses of different wavelengths at
any point along the sensing fibre can be controlled. The rela-
tive phase bias can be observed from backscattered probe
pulse light, and then can be adjusted accordingly by fine
adjustment of one or more of the probe light wavelengths. In
particular, such techniques apply where the sensor is an inter-
ferometric sensor, and determines said physical parameter
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from detected interference properties of the backscattered
probe light at each probe light wavelength.

Accordingly, the sensor may be arranged to control the
relative phase bias or biases between interferometric back-
scatter signals from respective pulses in each group, for
example to maintain predetermined spacings between the
phase biases of different wavelengths. For example, setting
the relative phase bias between the interferometric backscat-
ter signals from two or more pulses in a group to approxi-
mately zero or w radians (parallel or antiparallel), can be used
to obtain similar response characteristics between the pulses.
If the relative phase bias for two particular wavelengths is set
to a predetermined or controlled value of approximately /2
radians (orthogonal), the signals from the two wavelengths
can be added in quadrature, or added vectorially based on the
relative phase bias, to derive a signal with a response charac-
teristic which is close to constant along the sensing fibre, or at
least which varies much less than the response characteristic
from any single pulse.

To control the relative phase bias, the sensor may compare
between data derived from the detected backscatter of the
pulses of different wavelengths in the group, and adjust one or
more of said plurality of different wavelengths dependent
upon results of said comparison, so as to control the relative
phase bias.

In order to assist in detection of the phase bias, the sensor
may further comprise a phase bias calibrator arranged to exert
apredetermined forcing on a reference section of optical fibre
into which the probe light pulses are launched. The reference
section may, in particular, be a section of the sensing fibre
itself. The sensor may then be arranged to compare between
data derived from the detected backscatter of the pulses of
different wavelength in the group, which occurs in said ref-
erence section of optical fibre. If the forcing is at a particular
acoustic frequency then the relative phase bias or biases of the
interferometric backscatter from pulses in the group within
the reference section of fibre will be evident from the phases
or waveforms of the acoustic frequency signals detected from
the backscattered light in respect of each pulse wavelength.

It will be understood from the above that not all of the
pulses of each group need be used to determine the parameter
to be sensed by the sensor. For example, if multiple pulse
durations are being used, only pulses with a satisfactory lin-
earity of response might be used for determining the param-
eter.

The invention also provides methods corresponding to the
various apparatus features discussed above, for example of
operating a distributed optical fibre sensor to determine at
least one parameter as a function of position along a sensing
fibre from properties of probe light backscattered within the
sensing fibre, the method comprising:

launching probe light pulses into the sensing fibre, the
probe light pulses including successive groups each of two or
more probe light pulses having different optical wavelengths
and/or different pulse lengths to each other;

detecting probe light backscattered in said sensing fibre,
including separately detecting light of each of said different
wavelengths and/or pulse lengths; and

determining said parameter as a function of position along
the sensing fibre from said detected backscattered probe light.

Some of the operational principles of the invention can be
illustrated with reference to an ideal two-path interferometer.
This case represents a considerable simplification compared
to practical cases, but will serve to explain the basic principles
with the best clarity. The relative phase, A¢,, of light emerg-
ing from an undisturbed, two-path interferometer illuminated
by a coherent source of fixed wavelength A is given by:
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Adpy=2at1,d/h (1)

where n, is the effective refractive index of the propagation
medium and d is the physical distance of the path imbalance
in the interferometer. When the interferometer is undisturbed,
this phase is commonly referred to as the ‘phase bias delay’ of
the interferometer. Small disturbances of the interferometer
will lead to corresponding disturbances of the phase imbal-
ance around this phase bias value. The output optical intensity
of an ideal interferometer with perfectly coherent illumina-
tion is proportional to one plus the cosine of the instantaneous
phase imbalance. In the context of the invention described
here, the location and mean path imbalance of the interfer-
ometer are set by parameters of the optical reflectometry
system. In the case of optical time domain reflectometry, the
location of the interferometer is defined by the time delay
after launching an optical interrogation pulse into a sensing
fibre, and the mean path imbalance is related to the physical
length of the portion of the fibre that is illuminated at any
instant in time. However, the actual bias phase for each sens-
ing location along the fibre will typically be very large com-
pared to 2m radians, and the exact value of the phase bias
within a range of 2z will be unpredictable, since the fibre
properties and state of background strain are prone to vary
with position.

Embodiments of the invention are arranged to interrogate
the sensing fibre with probe pulses of more than one optical
wavelength, with the reflectometric parameters adjusted dif-
ferently for each wavelength. The invention may be applied to
optical time domain reflectometry, though alternative reflec-
tometric sensing techniques could also be used and could also
have been chosen for illustrations.

BRIEF SUMMARY OF THE DRAWINGS

Embodiments of the invention will now be described, by
way of example only, with reference to the accompanying
drawings of which:

FIG. 1 illustrates a distributed optical fibre sensor using
probe light pulses of more than one wavelength;

FIGS. 2A to 2H show some ways in which probe light
pulses of FIG. 1 may be launched relative to each other;

FIG. 3 illustrates a method for enhancing the detection rate
of the sensor of FIG. 1 using interleaving;

FIGS. 4A and 4B illustrate aspects of phase imbalance and
response characteristics in an interferometer analogous to the
sensor of claim 1;

FIG. 5 shows some details of the sensor of FIG. 1 config-
ured to control pulse length and therefore sensor response
characteristics;

FIG. 6 illustrates use of an ensemble of pulse lengths to
increase sensor dynamic range;

FIG. 7 shows some details of the sensor of FIG. 1 config-
ured to implement the ensemble scheme of FIG. 6;

FIGS. 8a to 8¢ show different arrangements of phase
imbalance in an interferometer illustrating how phase bias
between interference fringes from pulses of different wave-
lengths may be controlled and used in a sensor such as that of
FIG. 1,

FIG. 9 shows some details of the sensor of FIG. 1 config-
ured to control relative phase bias between interference
fringes from pulses of different wavelengths; and

FIG. 10 shows some details of further optical and control
components which may be used in implementing a sensor
such as that of FIG. 1.

DETAILED DESCRIPTION OF EMBODIMENTS

Referring to FIG. 1 there is illustrated a distributed optical
fibre sensor suitable for sensing one or more physical param-
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6

eters as a function of position along part or all of the sensing
optical fibre 10, using time domain reflectometry. The sensor
includes the sensing fibre 10, a probe light source 12 for
launching probe light pulses into the sensing fibre, a detector
14 for detecting probe light which has been backscattered
within the sensing fibre 10, and an analyser 16 for processing
data received from the detector.

The analyser 16 outputs analysis results such as a determi-
nation of the one or more physical parameters, and in FIG. 1
this output is passed to a computer display 18, although
various other types of output mechanism may be used. The
analyser 16 also uses data derived from the detected back-
scatter to provide control signals 20 to the probe light source
12. A variety of control signals may be provided, some of
which are discussed below, including signals controlling the
duration of probe light pulses and signals controlling the
wavelengths of the probe light pulses. In alternative embodi-
ments, the control functions may be implemented separately
to the analyser 16, for example in a controller element. The
skilled person will appreciate that the optical, electronic and
data processing functionality of the sensor can be imple-
mented and distributed across different functional or physical
units in various ways according to convenience and imple-
mentation objectives.

The probe light source 12 is arranged to launch into the
sensing fibre groups of two or more probe light pulses 22, 24.
Each pulse of a group is of a different optical wavelength,
shown in FIG. 1 as A; and A,. Depending on the mode of
operation of the sensor, the probe light pulses of a group may
be launched either together or at different times, so they may
propagate together or spaced from each other along the sens-
ing fibre. There may be two, three, four or more pulses, and
therefore different wavelengths, in a group.

Each probe light pulse is backscattered as it propagates
along the sensing fibre, as illustrated in FIG. 1 by backscat-
tered light portions 25, 26 of wavelengths A, and A, respec-
tively.

Backscattered probe light is received at the detector 14.
The detector is arranged to receive and detect light of the
different optical wavelengths A, and A, separately. Noting
that even when probe light pulses of a group are launched in
awidely spaced configuration as shown in FIG. 1, and atup to
an equivalent distance spacing of twice the length of the
sensing fibre 10 (to allow for round-trip paths), backscattered
light from all the pulses of a group will overlap at the detector
to some extent, the detector may also be arranged to detect
light of the different wavelengths simultaneously. The detec-
tor records time series data of intensity, power or other char-
acteristics of the received light of each different frequency,
and this data is passed to the analyser 16.

The probe light source 12 can be implemented using one or
more lasers. If two or more separate lasers are used, for
example to generate probe light pulses of two or more differ-
ent wavelengths for a group of probe light pulses, then at least
some of'the optical components such as optical amplifiers and
filters for conditioning the probe light pulses and directing
them to the sensing fibre 10 may be shared. The detector 14
may similarly use separate photodetector components, such
as PIN diodes, for each different wavelength of a group of
probe light pulses, but may share other optical components
such as optical amplifiers and filters before the different
wavelengths are demultiplexed to the photodetector compo-
nents. If the probe light pulses of different wavelengths are
launched with sufficient spacing that backscattered light of
the different wavelengths does not overlap significantly at the
detector, then a single photodetector element may be used for
all wavelengths. A more detailed description of a suitable
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arrangement for putting into effect the optical and electronic
aspects of the sensor of FIG. 1 is discussed below in connec-
tion with FIG. 10. Aspects of data processing and control
which can be implemented are illustrated in others of the
figures.

Typical wavelengths for the pulses may be around 1528 to
1562 nm. Pulse shapes may be rectangular, or of more com-
plex shape, for example using the double peak form discussed
in WO 2006/048647. Pulse lengths may typically be in the
range from around 1 ns to 1000 ns. Pulse group repetition
rates may typically be between about 1 kHz and 1 MHz. Pulse
peak powers may typically be between about 0.1 and 1 W.
Advantageously, the wavelengths of all the pulses in a group
may be closely spaced, for example within a wavelength band
of 1 nanometre. The optical source bandwidth may be
between about 1 kHz and 10 GHz, although coherence at the
lower end of this scale will be dominated by the frequency
transform of the pulse shape. The sensing fibre is preferably
of a single mode type.

In FIGS. 2A to 2H the sensor of FIG. 1 is illustrated in use
with several different probe light pulse launching schemes,
each representing use of a different group of probe light
pulses. In each figure, the sensing fibre 10 is shown by a solid
line, with the distal end 28 of the sensing fibre marked in FIG.
2A, followed by a broken line 29 illustrating the fullest length
of the return path for backscattered light along the sensing
fibre 10 to the detector, but for clarity of illustration extending
without reversal of direction. Probe light pulses shown along-
side, or in FIG. 2A beyond the left hand end of the broken line
29 no longer exist, having already reached the end 28 of the
sensing fibre 10, but their position in each figure is illustrative
of launch time relative to other probe light pulses shown.

FIG. 2A shows a probe light pulse launch scheme com-
monly found in prior art distributed optical fibre sensors.
Each pulse is of the same optical wavelength A,, and one
pulse follows another at sufficient time delay that backscatter
from a previous pulse all arrives at the detector 14 before the
next pulse is launched. This avoids weak backscatter from a
previous pulse at the distal end of the sensing fibre from
mixing with strong backscatter from a subsequent pulse
newly launched into the sensing fibre, which would make
interpretation of the mixed backscatter from the previous
pulse impossible to use, and would increase noise in the
backscatter from the newly launched pulse.

In FIGS. 2B, 2C and 2D, two or more pulses of a group are
launched at different times so that they propagate along the
sensing fibre in a spaced configuration. Unlike the arrange-
ment of FIG. 2A, the last pulse of each group in these figures
is launched before backscattered light from the first pulse of
the group finishes arriving at the detector, so that backscat-
tered light from all the pulses in the group coexists in the
sensing fibre at some point in time. Whereas in FIG. 2B the
pulse A, is launched when nearly all of the backscatter of
pulse A has returned to the detector, in FIGS. 2C and 2D the
groups of A, and A, pulses, or A, A, and A pulses may be
repeated to form a series of regular and evenly spaced probe
light pulses. Repetition of a group of probe light pulses as
shown in FIG. 2B, 2C or 2D also provides interleaving of
probe light pulses of the different wavelengths, which can be
used to increase the rate at which the sensor interrogates the
sensing fibre 10.

In FIGS. 2E and 2F the pulses of each group are launched
at the same or different times, but at least such that the last
pulse of a group is launched before the first pulse reaches the
end 28 of the sensing fibre. In this way, all the probe light
pulses of a group coexist in the sensing fibre at some point in
time. FIG. 2E illustrates a group with two pulses launched at
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the same time, overlapping in physical extent, or at least close
together. In FIG. 2F a group with three pulses is launched with
a spacing which is much smaller than the length of the sensor
fibre, for example with a total spacing of less than 30% ofthe
length of the sensing fibre is shown. Depending on the appli-
cation, different constraints may be applied as to how close
together pulses of a group should be launched.

In FIG. 2G the pulses of each group are sufficiently spaced
that no backscattered light from an earlier pulse remains in the
fibre when a later pulse is launched. In FIG. 2H, backscattered
light from at least one, but not all earlier pulses of a group
remains in the fibre when a later pulse is launched.

The sensor discussed above can be used to implement a
number of different functionalities, separately or in various
combinations, using groups of probe light pulses of different
optical wavelengths such as those illustrated in FIGS. 2B to
2H.

The probe light pulse repetition rate and therefore the inter-
rogation rate of the sensing fibre 10 in the sensor system of
FIG. 1, when using probe light pulses of a single wavelength
as illustrated in FIG. 2A, is limited by the propagation delay
for probe light backscattered at the distal end of the sensor
fibre to return to the launch end of the sensing fibre 10.
Launching probe light pulses at a rate where the backscat-
tered light of successive probe light pulses overlaps at the
detector at best reduces the quality of the sensor output, for
small overlaps prevents detection of useable backscatter sig-
nal from the distal end of the sensing fibre, and for significant
overlap renders the sensor largely inoperable.

To increase the interrogation rate, or for a vibration sensor
sampling the acoustic frequency range, beyond the maximum
available from the Nyquist limit set by the pulse repetition
rate of probe light pulses for which backscatter does not
overlap at the detector, multiple probe light pulses each of a
different optical wavelength can be used, for example as
described above in connection with FIG. 2B to 2D. In this
way, backscattered light from two or more probe light pulses
can be detected simultaneously. Preferably the different opti-
cal wavelengths are chosen so that they can be multiplexed
together so as to share the majority of the optical transmission
and reception paths of the sensor, to minimise complexity and
cost of the sensor, while also allowing the different wave-
lengths to be separately received by different photodetector
components.

If two different wavelengths are used then the probe light
pulses of the two different wavelengths can be alternated in
the launching scheme. To maximise the interrogation rate
each probe light pulse of alternating wavelength can be
launched into the sensing fibre at about the same time as or as
soon as possible after a probe light pulse of the other wave-
length has reached the distal end 28 of the sensing fibre 10. In
this way, probe pulses of one wavelength are launched at
times approximately midway between those of the other
wavelength, thus doubling the interrogation rate of the sens-
ing fibre. If the sensor is being used to detect acoustic vibra-
tions then this scheme can double the acoustic bandwidth or
frequency range compared to the case where a single optical
wavelength is used.

The interrogation rate can be extended further by launch-
ing probe light pulses of more than two ditferent wavelengths
in a group of such pulses, again with the condition that back-
scattered probe light for successive probe light pulses of any
particular wavelength does not overlap at the detector. The
interrogation rate can thus be increased in proportion to the
number of different wavelengths used.

FIG. 3 illustrates a scheme for deriving higher interroga-
tion rate or sampling rate data, for example a higher acoustic
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bandwidth, from detected backscatter of interleaved probe
light pulses of different wavelengths. Steps 30a and 306 rep-
resent the simultaneous detection of backscattered light at
wavelengths at A, and A, respectively. Signals from these
detection steps are used in steps 32a and 326 to derive data
relating to the detected backscatter of probe light of each
respective wavelength at a plurality of positions along the
sensing fibre, these positions being denoted by the box label
numerals (1, 2,3 .. .). For each of a plurality of positions or
nominal locations along the sensing fibre, the data from the
two wavelengths is time-interlaced at step 34, according to
the order of the launch of the respective probe light pulses into
the sensing fibre, to generate time series of the data 36.

The sensor may be operated, for example, using phase-
sensitive optical time domain reflectometry (OTDR) in which
probe light pulses are used which are each sufficiently coher-
ent that the detected backscatter signal is dominated by self-
interference between different parts of the same pulse. Such
techniques are discussed, for example, in WO2008/056143.
The resulting Coherent Rayleigh backscatter therefore leads
to a temporal speckle pattern of interference fringes at the
detectors. The signals resulting from the detection steps may
then be a time series of intensity of the detected temporal
speckle patterns. In order to sense vibration as a function of
position along the sensing fibre, the data relating to the back-
scatter may be a measure of change over time of the temporal
speckle pattern corresponding to a particular sensing fibre
position, such as a simple difference between successive
samples corresponding to the same fibre position.

Using such techniques, vibration is sensed through the
induced rapid small changes in strain and therefore refractive
index of the sensing fibre 10. The signal resulting from a
single probe light pulse being backscattered to the detector
appears as a quasi-random oscillatory signal of essentially
static shape. From pulse to pulse the static shape remains
unchanged if the strain conditions and therefore refractive
index are unchanged, but the shape changes to a lesser or
greater extent as the sensing fibre is subjected to vibrationally
induced strains of a correspondingly smaller or larger mag-
nitude. The detected optical signal may be referred to as
coherent Rayleigh noise, although for this type of reflectom-
etry the “noise” contains the signal of importance.

A notable feature of this reflectometry technique, and simi-
lar techniques based on interferometry, is that the intensity, or
changes in intensity, of a repeated sampling of the detected
optical signal mapping to a particular position or segment of
the sensing fibre, is not intrinsically a linear function of the
local forcing such as strain and its effect on refractive index at
that fibre position. Rather, the response characteristics in the
sampled signal to an increasing or decreasing local physical
forcing is periodic and of variable sign and scale factor. This
occurs because of the interferometric nature of the optical
response.

The net result of the changing phase on the sum of all of the
backscattered components is typically to generate a sinusoi-
dal variation in intensity of the detected backscatter as the
relative phase is changed linearly. Moreover, since the start-
ing point of the intensity change may be any point within the
sinusoidal response, a given fractional change in vibra-
tionally induced strain can generate either a positive or nega-
tive fractional change in detected optical intensity, and with a
scale factor that can vary between zero and some maximum
value that depends on the interferometric fringe visibility
within the optical system. Since the lower limit of strain that
can be detected by the sensor is also limited by system noise
arising from various sources, the dynamic range of the
response of the sensor is constrained to lie within a certain
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range of strain amplitude, and within an even more restricted
range if linear response characteristics are desired. Linear
response characteristics are often desirable.

To illustrate this issue of non-linearity, for example when
phase disturbances significantly greater than A/2 radians are
experienced at a single sample point in the sensor fibre, FIG.
4 A shows the relationship between phase imbalance and out-
put power from an ideal two-path interferometer. In the fig-
ure, the horizontal arrows above the graph indicate possible
extents of variation in phase imbalance as the sensing fibre is
influenced by weaker or stronger changes in strain, for
example due to vibration. Variations with peak to peak ampli-
tudes of /2, 2nt/3 and 2m are shown around a phase bias of'7w/2
radians. Response characteristics, as corresponding oscilla-
tory variations of output power for each of these phase excur-
sions, are shown in FIG. 4B. If the time axis is taken to be in
milliseconds then these responses may correspond to vibra-
tional signals at about 25 Hz. For the two smaller phase
variations, the output power variations are similar, confirming
that the interferometer is operating with a quasi-linear trans-
fer function between phase and power. However, for the larg-
est phase variation, gross distortion of the response charac-
teristics, with a strong component at twice the driving
frequency, is evident.

To address the issue of linearity or non-linearity of
response characteristics of the sensor to a physical parameter
to be measured, the sensor of FIG. 1 may be operated by
launching two or more probe light pulses of different pulse
lengths, i.e. different physical lengths within the sensing fibre
10, and different lengths in terms of pulse duration from a
laser source. If desired, some or all of the pulses of different
pulse length may also be of different wavelength so that
backscattered light from such pulses can be detected simul-
taneously. The interferometric path length imbalance for a
probe light pulse is dependent upon the pulse length, so that
reducing the relative length of one probe light pulse has the
effect of reducing the relative interferometric path imbalance
for that pulse. Ifthe detected waveforms for the backscattered
light for both pulse lengths are similar, as is found between
the /3 and n/4 waveforms in FIG. 4B, then linearity of the
sensor response characteristic is confirmed. If the detected
waveforms for the backscattered light for both pulse lengths
are rather different, as is found between the m and /3 wave-
forms in FIG. 4B, then non-linearity of the sensor response
characteristics, and in particular of the longer length pulses, is
confirmed. A measure of the non-linearity of the response
characteristics of at least one or other ofthe two pulse lengths,
typically the longer one, can be made by comparing the two
signal waveforms, for example to determine a measure of
differences in shape.

If the measure of non-linearity exceeds a threshold then
adjustments can be made to the pulse lengths of the probe
light pulses of one or both pulses of the group in order to seck
a more linear response characteristic.

The described process of detecting non-linearity of
response and adjusting probe light pulse length to compen-
sate is illustrated in FIG. 5, which shows selected elements of
the sensor of FIG. 1 with further analysis and control features.
The probe light source 12 is shown to include two optical
sources 50a, 505 operating to generate probe light pulses of
wavelength A, and A, respectively. Control of probe light
wavelength within the probe light source 12 is indicated by
pulse wavelength data elements 52a and 525 respectively.
Control of probe light pulse length within the probe light
source 12 is indicated by pulse length data elements 544 and
54p for the two wavelengths respectively. The generated
probe light pulses are conditioned and combined in source
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optics 56 before being launched into the sensing fibre 10
through optical circulator 58. The probe light pulses are each
sufficiently coherent and of narrow bandwidth that the
detected backscatter signal is dominated by self interference
between different parts of the backscattered pulse, as dis-
cussed above in connection with phase-sensitive OTDR.

In this example, the probe light pulses of two (or more)
different wavelengths are launched simultaneously, or at least
so that the pulses overlap as they travel along the sensing fibre
10. However, a wider pulse spacing could be used, at the risk
of'degrading the performance of the measure of non-linearity
as the pulses of the group increasingly see different states of
the sensing fibre 10. For example, a difference in launch time
between the pulses of not more than 2 microseconds (so that
the two pulses would only see different vibrational signals at
very high frequencies beyond the acoustic, around 500 kHz),
ornot more than about 400 metres in position of the respective
pulses along the fibre could be used. In some embodiments,
therefore, backscattered light from all of the two (or more)
pulses used for the non-linearity detection may be coexistent
or present in the sensing fibre at the same time.

In other embodiments, backscattered light from only some
pulses in the group coexists within the fibre, and in other
embodiments there is no such overlap such that backscatter
from the pulses does not overlap at the detector.

Probe light backscattered within the sensing fibre 10 is
directed by the circulator 58 to the detector 14 where, follow-
ing wavelength demultiplexing and signal conditioning in
detector optics 60, the backscattered light is detected sepa-
rately for each wavelength using photodetectors 62a and 626
respectively followed by digitisation at 63a,635. Signals cor-
responding to the detected backscattered light for each wave-
length are passed to the analyser 16. For some applications,
these signals may be pre-processed in pre-processor 64 to
form signals which relate more directly to the parameter to be
measured and which are therefore more suitable for compari-
son with each other to derive a measure or indication of
non-linearity. For example, for the temporal speckle patterns
or coherent Rayleigh noise signals arising from Rayleigh
backscatter with sufficiently coherent probe light pulses, suc-
cessive detected backscatter intensities corresponding to a
particular location along the sensing fibre for successive
pulses of a particular wavelength may be differenced or oth-
erwise processed to derive a signal indicative of the degree or
rate of change of the backscatter signal from that location.
This pre-processed signal, which may be more directly
related to the vibration or other physical parameter to be
measured at that location, or alternatively a signal not pro-
cessed in this way, is then passed to the comparator 66, where
the signals from the two wavelengths are compared. Essen-
tially, the comparator 66 determines and compares, directly
or indirectly, properties of the response characteristics for
each pulse length. Typical response characteristics which can
be derived form the data may include signal amplitude ratios
between signals from different interrogation pulses, wave-
form shapes, and spectral components of vibration signals.

Dependent upon results of that comparison a pulse length
controller element 68 in the analyser sends control signals 20
to control the pulse length data elements 54a and 545 in the
probe light source according to a pulse length control algo-
rithm 70. The pre-processed signal may also be sent to further
processing elements 69, for example to make determinations
of'the one or more physical parameters to be measured by the
sensor.

One way in which the pulse length control algorithm might
operate to control the pulse lengths would be to maintain a
constant or proportional difference between the two pulse
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lengths controlled by data elements 54a and 545, for example
a difference of 5 nanoseconds, or a difference of 50%, and to
gradually increase the length of both, for example by 1 nano-
second, or by 10%, between short periods of probe light
pulses of both wavelengths, where the monitoring periods are
chosen to be sufficiently long to cover a number of acoustic or
vibration cycles. For example, typical monitoring periods
might last for between one and five seconds. If a measure of
difference between the data derived from the two backscatter
profiles exceeds a certain threshold, then instead of increasing
by 1 nanosecond or 10%, both pulse lengths would be
decreased, for example by 1 nanosecond or 10%. The mea-
sure of difference could be an overall normalised acoustic
intensity difference between the two signals at a location of
interest, or alternatively, acoustic spectral comparisons could
be made. Of course, much more sophisticated and adaptive
schemes could be used.

The described technique of linearity control using com-
parison of properties of the response characteristics, and cor-
responding pulse length control may be used continuously or
intermittently. For example, pulses of different lengths may
be used continuously to monitor the non-linearity of the
response characteristics and adapt the pulse length very rap-
idly, for example in response to sudden increases and
decreases in an acoustic signal to be detected, in which case
the probe light pulses used for detecting non-linearity may
alsoused for detecting the physical parameter to be measured.
Alternatively, pulses of different lengths and pulse length
compensation may be used on a more intermittent basis, with
the sensor operating in other modes in between.

The technique of linearity control using signal comparison
and pulse length control may be combined with the technique
described above of increasing the interrogation rate of the
sensing fibre by using interleaved pulses of different wave-
lengths. However, the technique of increasing interrogation
rate is improved by more even spacing of the pulses of dif-
ferent wavelength, whereas the technique of linearity control
is improved by closer spacing ofthe pulses of different length.
The technique of linearity control can, however, be used
continuously in such a context by adding a further pulse
wavelength for launch at the same time as one of the inter-
leaved pulse wavelengths. Alternatively, these two techniques
can be used sequentially for differing periods according to a
programmed sequence.

As for the technique of increasing interrogation rate
described above, three or more different pulse lengths can
also be used for linearity control, for example to more rapidly
and accurately determine an optimum pulse length for current
use.

A physical parameter to be measured by the sensor such as
strain or vibration may vary considerably both in time and in
space along the sensing fibre, so that in general it won’t be
possible to select an optimum pulse length which provides a
response characteristic of optimum linearity and sensitivity
for all points along the sensing fibre. However, by launching
an ensemble of probe light pulses of different pulse lengths it
is possible to extend the linear dynamic range of the sensor,
whether or not a dynamic control of pulse length as discussed
above is also used.

FIG. 6 illustrates the sensor of FIG. 1 configured to inter-
rogate the sensing fibre using phase sensitive OTDR as dis-
cussed above. In particular, the probe light source 12 is con-
figured to launch a group of four probe light pulses, shown in
figure box 80, each of different wavelength A, A,, A5, A, into
the sensing fibre 10. Each probe light pulse also has a different
length, increasing from the shortest length for ., to the long-
est length for A, which together may be referred to as a pulse
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length ensemble. The longest length pulse provides the most
sensitivity to phase imbalances in the sensing fibre, but is
therefore also the most susceptible to non-linearity of the
response characteristic and is therefore unsuitable for detect-
ing larger phase imbalances which might result from large
amplitude strains and vibrations. The shortest length pulse
provides the least sensitivity to phase imbalances in the sens-
ing fibre, but is therefore also the least susceptible to non-
linearity of response for detecting larger phase bias changes.
Suitable durations for such a scheme are 10, 20, 50 and 100 ns
for each wavelength respectively. These pulse durations theo-
retically provide approximate doubling of sensitivity
between each successive wavelength and an overall linear
dynamic range of ten times that available from the shortest
pulse used alone.

Aligned with the sensing fibre 10 in FIG. 6 is aplot 72 of a
vibration profile against distance along the fibre. The plot
shows levels of vibration divided into four levels. The sensor
is adapted to use the detected signal from the A, pulses, which
have the longest duration, in regions of the fibre where the
vibration levels are smallest, and the detected signal from the
A3, A, and A pulses for regions of the fibre with increasingly
high levels of vibration. The selection of which signal to use
for which region of the fibre is adaptive so that the best signal
for each region is continuously or periodically selected, to
maintain an optimum level of sensitivity balanced against
avoiding excessive non-linearity in the detected signals. In
particular, the sensor may explicitly or implicitly determine
properties of the response characteristics of the different
pulse durations, and use such properties in the adaptive
scheme.

More generally, the sensor may combine data from the four
different wavelengths, using weightings which are calculated
according to properties of the response characteristics. Of
course, the weightings may be binary in the sense of selection
of'one or more wavelengths to use equally and rejection of the
others, or they may include fractional weightings where sig-
nals having poor response characteristic properties are given
a lower weighting than signals having better response char-
acteristic properties.

The different wavelength and duration pulses of the pulse
duration ensemble may be launched into the sensing fibre at
the same time, or at least so that they overlap in spatial extent
in the fibre, and this better permits cross comparisons
between the detected signals of the ensemble to be made.
However, in order to use the ensemble for fibre-position
selection of pulse duration, simultaneously launching is not
required, although it may be advantageous for the pulses to be
launched close enough together either so that all pulses of the
ensemble exist in the fibre at some point in time, or so that at
least some backscatter from all of the pulses of an ensemble
coexists within the sensor fibre or reaches the detector at some
point in time. In this way, the benefits of improving linearity
of response can be maintained without sacrificing the overall
interrogation rate.

FIG. 7 illustrates in more detail how the pulse duration
ensemble of FIG. 6 can be put into effect in the sensor of FIG.
1, using some common reference numerals also with FIG. 6 to
denote like elements. Backscattered light from an ensemble
of pulses of four different wavelengths and correspondingly
different pulse durations is received in the detector 14 where
it is processed and wavelength de-multiplexed by detector
optics 60 before being passed to detectors 62a-62d4. The
detected signals are digitised at A/D converter 63 before
being passed to a pre-processor 73 where the signals are
processed sufficiently to be able to detect non-linearity more
effectively. For example, in the case of vibration induced
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changes in coherent Rayleigh noise, acoustic spectral profiles
may be differenced. Linearity detector 75 monitors the pre-
processed signals to determine which wavelength of the
ensemble provides the optimum properties of response char-
acteristics, and hence the optimum signal for particular cor-
responding regions of the sensing fibre, or to determine rela-
tive weights for the wavelengths of the ensemble. This
selection is passed to an ensemble selector 77 which con-
structs an assembled signal taking the optimum signals for
particular regions of the sensing fibre, or forming a suitably
weighted combination of signals. The assembled signal may
then be passed to further processing elements 69 as required,
for example to make determinations of the one or more physi-
cal parameters to be measured.

The linearity detector 75 may work, for example, by select-
ing the optimum member of the pulse ensemble according to
individual spectral characteristics, for example by applying
anupper threshold to the permitted incidence of higher acous-
tic harmonics characteristic of non-linearities of response in
the signal for longer pulse durations compared with shorter
duration pulses. The power in higher frequency acoustics, for
example, may provide a suitable measure or property of the
response characteristics for a particular pulse length. Another
scheme of operation would be to accept the signal from the
longest duration pulses which are of sufficient similarity to
any or all shorter duration pulses, with the shortest duration
pulse being chosen where all pulses of the ensemble provide
sufficiently different signals. In this case, the analysis of
response characteristics is based on similarity between sig-
nals. Another scheme of operation would be to provide frac-
tional weights based on one or more determined properties of
the response characteristics.

The pulse duration ensemble technique illustrated in FIGS.
6 and 7 may be combined with the pulse duration control
technique described in connection with FIG. 5. In particular,
the pulse duration control technique may be used to provide
appropriate settings for the pulse ensemble durations. The
individual signals from the pulse duration ensemble could
also be processed in ways other than a simple selection of an
optimum pulse length for a particular region of the sensing
fibre at a particular time, for example by using more complex
statistical or signal processing to combine the signals from
the ensemble to derive an output signal such as a physical
parameter to be measured with an optimum signal to noise
ratio.

The benefits of the different multi-wavelength, and option-
ally multi pulse length interrogation techniques described
above can be combined in various other ways, both simulta-
neously and sequentially by choosing an appropriate mix of
numbers of interrogation wavelengths and system control
parameters. For example, even using only two wavelengths, a
vibration sensing system might be set up to first confirm a
linear detection regime using the pulse duration control or
non-linearity detection techniques, and then be switched into
a interrogation rate enhancement mode using interleaved
probe light pulses. Alternatively, a three-wavelength system
might be configured to offer linearity confirmation and
enhanced detection bandwidth at the same time.

For all the techniques described above, it can be beneficial
for the phase bias observed in the interference signal of the
backscattered probe light for each location along the sensing
fibre to be similar across all the probe light pulse optical
wavelengths, within a range of 2st. This will not tend to occur
unless controlled in some way, because the much larger abso-
lute differences in total phase bias between different wave-
lengths will tend to give rise to arbitrary differences within the
2m range. The differences in total phase bias can be many
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thousands of cycles for pulses with very different lengths in
the range of several metres. When phase bias and imbalance,
and differences between phase biases and imbalances are
discussed herein, differences within the 27 range are gener-
ally meant, unless the context clearly implies absolute values
including multiples of 2z.

FIG. 8a is similar to FIG. 4a discussed above, but with
three vertical dashed lines representing phase biases for the
undisturbed sensor fibre, for interference signals detected in
backscattered probe light for three different probe light wave-
lengths at a particular position along a sensing optical fibre
10. In the situation of FIG. 8a, phase imbalance variations
about the phase bias for the A; wavelength at 371/2 give rise to
optical signal changes which are of similar magnitude, but
which vary in an opposite sense under changes in phase
imbalance to those of the A, wavelength which has a phase
bias at /2. The A, wavelength has a phase bias close to 7, so
phase imbalance variations give rise to a different behaviour
again in the optical signal, which rises from a low level in both
directions.

FIG. 85 is similar to FIG. 8a, but the phase biases for
wavelengths A, A, and A are close together within the 27
range, in this case being commonly aligned at about 7/2 for
some arbitrary position along the sensing fibre. The optical
signal from all three wavelengths will therefore behave in a
similar fashion, subject, for example, to the magnitude of the
phase imbalance response to a particular refractive index
variation which depends in part on the length of each probe
light pulse as discussed above in connection with FIGS. 5, 6
and 7.

Note that although the phase bias in the backscatter inter-
ference signal from any given probe light pulse optical wave-
length will vary throughout the 27 range along even short
lengths of the sensor optical fibre for example of only a few
metres, the respective phase biases of probe light pulses of
multiple wavelengths will exhibit an approximately constant
phase spacing, as demonstrated below. Therefore, ifthe phase
biases for a group of pulses can be aligned or spaced in a
particular way for one position in the sensor fibre, they will be
approximately aligned or similarly spaced for all other posi-
tions along the sensor fibre.

If the behaviour illustrated in FIG. 85 can be achieved for
a group of pulses of different wavelengths, then comparison
of sensor data between pulses of different durations as dis-
cussed in connection with FIGS. 5-6 can be more easily made,
because similar optical response characteristics are expected,
subject to pulses exceeding a certain duration tending to result
in a more non-linear or distorted optical response. Time series
compiled by interleaving data from staggered pulses of dif-
ferent optical wavelengths to increase the sensor sampling
rate, as discussed in connection with FIG. 3, can also be
improved, because the interleaved data from the two or more
pulse wavelengths will be expected to exhibit similar
response characteristics to the changes in the sensor fibre. Of
course, the effects achieved by controlling the relative phase
bias between wavelengths to be small or close to zero can also
be achieved by relative phase biases of around 7T, with one of
the signals being inverted to compensate or equivalent pro-
cessing being used.

Although control of the phase bias in the interference sig-
nal from the backscattered light for each probe pulse wave-
length cannot offer uniform phase bias along the length of the
sensing fibre, this is not needed to construct a useful sensor
system, although it is beneficial to be able to control relative
phase bias across the set of probe pulse wavelengths at any
location along the fibre so that the response characteristics
across all wavelengths are similar at any one position. How-
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ever, if the sensor is adapted to control relative phase bias
between wavelengths, another desirable system feature can
be available. With two independent probe light wavelengths,
where there is controllable relative phase bias along some or
all of the sensor fibre, if the relative phase bias is set to /2
radians as in the mathematical example set out below, and the
different wavelength pulses are launched sufficiently close
together to be affected by substantially the same detectable
changes in the sensor fibre, then the variation in response
characteristics with position along the sensor fibre can be
reduced by processing the data from the different wave-
lengths according to a vectorial method. This is because, as
noted earlier, the output optical intensity of an ideal, two-path
interferometer is proportional to one plus the cosine of the
instantaneous phase imbalance. Hence, if the relative phase
bias for a second probe wavelength compared to the first is 7t/2
radians, then the detected optical signal for the second wave-
length will be proportional to one plus the sine of the instan-
taneous phase imbalance. When the zero offset of these two
signals is removed and the resulting data values are added in
quadrature, for example by being squared and added together,
the resulting sum becomes independent of the actual phase
bias at that location, thus the variation of the optical response
characteristics observed for any one wavelength, or for mul-
tiple wavelengths with aligned phase biases, is reduced or
eliminated. Taking the square root of the sum provides a
linear measure of the amplitude of the disturbances to the
phase imbalance.

More generally, if the relative phase bias between two
wavelengths is adjusted so that the resulting response char-
acteristics are orthogonal in behaviour or have orthogonal
components, then the phase imbalance disturbance responses
can be combined to provide a signal with reduced sensitivity
to the individual response characteristics of each wavelength.

Using two probe pulse wavelengths with a relative phase
bias of around /2, absolute signal amplitude information is
typically lost beyond phase imbalance disturbances of zw radi-
ans. However, such information can be preserved if a more
advanced phase unwrapping algorithm is adopted. In one
such method, a third interrogation channel is added, the rela-
tive phase bias of each channel is set to 2m/3 radians and the
mathematical processing scheme is designed accordingly.
Mathematical schemes which could be used in such circum-
stances are discussed in B. V. Dorrio and J. L. Fernandez,
“Phase evaluation methods in whole-field optical measure-
ment techniques”, Meas. Sci. Technol., vol 10, pp R33-R55
(1999).

Accordingly, embodiments of the invention provide for
misaligning the phase biases of two or more probe light pulse
wavelengths by controlled amounts. FIG. 8¢ illustrates an
arrangement of phase bias of multiple probe light wave-
lengths. The solid vertical lines show phase biases for a first
arbitrary position along the sensing fibre at about /2 and =
for wavelengths A, and A, with a relative separation of about
7/2. The dashed vertical lines show phase bias for a second
arbitrary position along the sensor fibre at about 37/4 and
Sn/4, again with a phase bias separation of about 7/2. As
discussed above, for each of these two arbitrary positions
along the sensor fibre, and indeed any other arbitrary position
where the separation between the phase bias is about 7/2,
variations in the optical signal for the two wavelengths caused
by disturbances in the phase imbalance can be added vecto-
rially to yield a summed optical response which under ideal
circumstances is approximately constant along the sensing
fibre. Such a vectorially summed response will generally
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provide a more consistent response characteristic to changes
in the phase imbalance than the signal from any single probe
light wavelength taken alone.

Although it would be useful to control the relative phase
bias between two probe light pulse wavelengths to be exactly
zero, 1w, or /2 radians as discussed above, some variation
about these values is acceptable before the described tech-
niques become ineffective. For example, controlling the rela-
tive phase bias of two pulses of different wavelength to within
+7/4 or between 3n/4 and 57t/4 radians, or more preferably
7/8 radians or between 77/8 and 97/8, where alignment is
intended, may give adequate results. Similarly, controlling
the relative phase bias of two pulses of different wavelength to
between /4 and 37/4 radians or more preferably between
3n/8 and Sn/8 radians, where orthogonality is intended, may
give adequate results.

The utility of schemes which control the relative phase bias
between different pulse wavelengths can be understood as
follows. Consider a sensing system in which the pulse light
wavelengths are closely spaced at around 1500 nm, and the
effective path imbalance and refractive index of the sensing
fibre are about 1 m and 1.5 respectively. The relative phase
given by equation (1) above is then about 27tx10° radians. If
the wavelength of a probe light pulse is then changed very
slightly to effect a change of A¢,,.,in phase of only a few
cycles or less, then the fractional change in the absolute phase
bias is extremely small. The following expressions give an
example where the desired change in phase bias is m/2 radi-
ans. For this case, the required difference between the two
probe light pulse wavelengths can be calculated by substitut-
ing the two interrogation conditions into equation (1) above to
yield:

@

The above expression neglects chromatic dispersion in the
sensor fibre. The change in wavelength AA needed to produce
the required 7/2 phase change is then given by:

AQpf=2001,d(1 D=1/ =012

AN=h Mo/ (4n d) 3)

For this example, the required value of AX is approximately
0.37 picometres. Now consider a different part of the sensing
fibre where the refractive index is slightly different from n,,
due to non-uniformity or some perturbation of the fibre. If the
effective refractive index of this alternative section of the fibre
is n,, then the difference A¢, between the phase biases at the
two probe light pulse wavelengths is given by an expression
similar to the first part of equation (2), with n, replaced by n,..
Thus we have:

Ap=2mdn, AWy @

Substituting in the value of AA from equation (3), we find
that the change in wavelength produces a change A\ in phase
bias at the sensing section of

AP =(/2) (/1) ®

This expression indicates that, given two probe pulse wave-
lengths with a relative phase bias of 7/2 in one section of
sensor fibre having a refractive index of n,, the relative phase
bias in another section having a refractive index of n_ is only
different by a ratio of the refractive indices. Since the effec-
tive refractive index of typical single mode fibres is normally
very uniform after manufacture and cannot be changed by
more than a very small percentage by typical sensing situa-
tions, equation (5) shows that a desired relative phase bias can
be adequately maintained between probe light pulses of two
or more wavelengths along the whole of the sensing fibre.
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An example scheme in which the relative phase bias
between two or more probe light pulses of different wave-
lengths can be regulated or controlled as discussed above is to
apply a predetermined oscillatory forcing, for example at an
acoustic frequency, to a reference section of the sensor fibre
10. A corresponding oscillatory signal is then detected in the
backscattered light in respect of each of the different probe
pulse wavelengths for the reference section. These oscillatory
signals can then be compared, and the pulse wavelengths
adjusted slightly until the detected oscillations at the fre-
quency of the forcing display the desired amplitude difter-
ence or other suitable characteristics.

For example, to obtain a relative phase bias of about 7/2
between two pulse wavelengths, the wavelengths may be
adjusted until the oscillatory signal at the frequency of the
forcing for one probe pulse wavelength is minimised or close
to zero, and the corresponding signal for the other wavelength
is at a maximum. Similarly, to obtain a relative phase bias of
zero, the two wavelengths may be adjusted until the oscilla-
tory signals are both either minimised or zero, or both maxi-
mised.

An arrangement suitable for putting such schemes into
effect is illustrated in FIG. 9. As already shown in FIG. 5, the
probe light source 12 comprises at least two laser sources 50a,
505. The lengths of probe light pulses may be controlled, if
desired, in accordance with pulse length data elements 54a,
54b, under the control of pulse length controller element or
function 68. The wavelength of probe light pulses is con-
trolled in accordance with pulse wavelength data elements
52a, 52b, under the control of a pulse wavelength controller
element or function 90. Either or both of the pulse length
controller and pulse wavelength controller elements or func-
tions may be integrated into or combined within the analyser
16, or may be carried out elsewhere.

A relative phase bias calibrator 92 is provided to enable the
pulse wavelength controller 90 to detect and adjust phase
biases between different wavelengths. In the arrangement
illustrated in FIG. 9 the relative phase bias calibrator is
arranged to apply an acoustic forcing of predetermined fre-
quency to a length of the sensing fibre, although the forcing
could be applied to a parallel length of similar fibre if
required, with the similar fibre suitably coupled to the probe
light source 12 and detector 14. In an example described in
more detail below the forcing is applied by wrapping a suit-
able length ofthe sensing fibre 10 around a piezoelectric drum
coupled to a driving circuit. The calibrator 92 may be under
the control of the analyser 16 if required, for example to turn
the forcing signal on and off as needed, or to adjust the
acoustic frequency of the forcing.

The pulse wavelength controller element 90 detects, in data
derived from the light backscattered from the probe light
pulses, the oscillatory signal resulting from the forcing
applied by the calibrator, and makes adjustments to the pulse
wavelength data elements 52a and 525 to regulate the wave-
lengths of the probe light pulses so as to achieve the required
relative phase bias.

FIG. 10 shows some suitable details of optics and electron-
ics for putting into effect the distributed optical fibre sensor of
FIG. 1. The various data processing and control schemes
discussed above may be implemented within this framework.

Two separate optical sources 50a and 505 are shown within
the probe light source 12, each optical source emitting a
narrow band of wavelengths centred at A, and A, respectively.
It is alternatively possible to use a single, wavelength
switched source, or a combination of sources with switchable
and fixed wavelengths. Since two separate optical sources are
shown in this embodiment, a wavelength combiner compo-
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nent 114 is required to route the two signal wavelengths onto
acommon optical path. If a wavelength switched source were
to be used alone, then this component would not be required.
For convenience of implementation, the wavelengths A, and
A used in the system would lie within the operating band of
typical erbium-doped fibre amplifiers, between 1528 nm to
1562 nm, and the optical sources would be distributed-feed-
back laser diodes.

Once combined, the two signal wavelengths are then fed
through an optical conditioning chain 116 whose function is
to amplify the light to suitable power level and to provide
optical filtering to avoid the deleterious effects of amplified
spontaneous emission (ASE) from the amplifier elements.
Typically, peak powers of the order of 1 W might be delivered
to the sensing fibre, and the ASE suppression bandwidth
might be ~0.2 nm. Light emerging from the optical condi-
tioning chain is directed to an optical circulator 118 that
serves to route probe light from the probe light source 12 into
the sensing fibre 10, and light from the sensing fibre 10 into
the detector 14.

After the circulator 18, a coil 120 of the sensing fibre 10
wrapped around a strain transducer 122 is used to provide a
controllable, repeatable, periodic strain to the fibre, although
a length of optical fibre separate to the sensing fibre could
instead be used for this purpose. The strain transducer 122
may preferably be a piezoelectric cylinder of radius large
enough to avoid bend loss in the fibre coil. This transducer is
driven at a convenient acoustic frequency by a driver unit 124.
The driver unit 124 may run autonomously or may be con-
trolled from analyser 16. The fibre coil 120 comprises a length
of fibre that is at least long enough to contain the maximum
pulse length generated by the probe light source 12. In typical
systems, this maximum pulse length might be 50 m. The
function of the strain transduction system comprising the
fibre coil 120, transducer 122 and driver 124 forms the rela-
tive phase imbalance calibrator 92 discussed earlier in con-
nection with FIG. 9.

Backscattered light returning from the sensing fibre
through the circulator 118 is directed into the detector 14, and
in particular into an optical signal conditioning chain 120.
This chain contains further amplification and filtering com-
ponents required to increase the received signal powers to
levels suitable for low-noise detection. Following passage
through the signal conditioning chain 120, the two signal
wavelengths A, and A, are separated by the wavelength de-
multiplexing component 122. After separation, the two signal
wavelengths A, and A, are each further filtered to a narrow
band using components 124a, 1245 and 126 a, 1265 respec-
tively. In this embodiment, the narrow band filters are fibre
Bragg gratings with approximately 80 pm reflection band-
width. Finally, each wavelength is received by its own pho-
todetector, 130a and 1305 respectively. Conveniently, PIN
photodiodes may be used for this purpose.

The signals from each photodetector 130a, 1305 are digi-
tized by the data acquisition unit 134 and fed to the analyser
16, which controls the optical sources 110a and 1106 via
driver circuits 150a and 1505. Apart from providing accu-
rately timed electrical pulses to the optical sources to control
probe light pulse timing and length, these driver circuits also
serve to fine-tune the wavelength of the optical sources for
precise control of relative phase bias between the probe light
pulses in a group. This can be achieved, for example, by
control of laser temperature. In possible alternative embodi-
ments, fine-tuning of the centre wavelength of different probe
light pulses might be accomplished by controlled filtering
either before the unconditioned probe light enters the wave-
length combiner 114 or after leaving the wavelength demul-
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tiplexer 122. In the latter case, the centre wavelength of one or
both of the fibre Bragg gratings could be thermally tuned. In
another possible embodiment, fine control of wavelength
might alternatively be achieved by phase or frequency modu-
lation of light using a radio frequency optical modulator
together with appropriate filtering.

Based on analysis of the backscattered probe light, the
analyser 16 provides control signals to the driver circuits
150a, 1505 to put into effect the various aspects of the inven-
tion described elsewhere in this document, including control
of probe light pulse length and probe pulse wavelength as
required.

Although various embodiments of the present invention
have been described above, it should be understood that they
have been presented by way of example only, and not limita-
tion. It will be understood by those skilled in the relevant
art(s) that various changes in form and details may be made
therein without departing from the spirit and scope of the
invention as defined in the appended claims. For example, in
arrangements where it is not required to detect backscattered
light from at least two wavelengths from a group of pulses
simultaneously, for example in variations on the arrange-
ments of FIGS. 5,7, 9 and 10, a single photodetector may be
used, with no separation by wavelength in the signal condi-
tioning chain then being required. Similarly, a single tunable
optical source may be used if desired to simplify the sensor
where appropriate. constant phase spacing along the length of
the sensing fibre.

The invention claimed is:

1. A distributed optical fibre sensor for determining at least
one physical parameter as a function of position along a
sensing fibre from properties of probe light backscattered
within the sensing fibre, the sensor comprising:

a probe light source arranged to launch probe light pulses
into the sensing fibre, the probe light pulses including
successive groups each of two or more probe light pulses
having different optical wavelengths to each other;

a detector arranged to detect probe light backscattered in
said sensing fibre, including separately detecting light of
each of said different wavelengths; and

an analyser arranged to determine said parameter as a
function of position along the sensing fibre from said
detected backscattered probe light of one or more of said
wavelengths,

wherein the analyser is arranged to combine data derived
from the detected backscatter of said two or more probe
light pulses vectorially, and to determine said physical
parameter from said vectorially combined data, and

wherein the sensor is arranged to adjust one or more of said
plurality of different wavelengths to control the relative
phase bias or biases between interferometric signals in
the backscattered probe light arising from respective
probe light pulses of said different wavelengths, such
that the relative phase bias or biases exhibit approxi-
mately constant phase spacing along the length of the
sensing fibre.

2. The distributed optical fibre sensor of claim 1 wherein
the analyser is arranged to determine said parameter as a
function of position along the sensing fibre from said detected
backscattered probe light of all of said wavelengths.

3. The distributed optical fibre sensor of claim 1 wherein
the sensor is arranged to control the relative phase bias
between interferometric signals in the backscattered light
arising from two or more of said probe light pulses to be
within 7t/4 radians, or more preferably within n/8 radians, of
zero or 7 radians of a preselected phase spacing.
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4. The distributed optical fibre sensor of claim 1 wherein
the sensor is arranged to control the relative phase bias
between interferometric signals in the backscattered light
arising from two of said probe light pulses to be within /4
radians of 7t/2 radians, or more preferably within 7t/8 radians
of /2 radians of a preselected phase spacing.

5. The distributed optical fibre sensor of claim 1 wherein
the analyser is arranged to determine said parameter using
data derived from the detected backscatter of said probe light
pulses of adjusted wavelength.

6. The distributed optical fibre sensor of claim 1 wherein
the sensor is arranged to control the relative wavelength dif-
ferences between three or more of said probe light pulses of
different wavelength to introduce pre-determined phase
biases in the respective interferometric signals, to combine
data derived from the selected backscatter of said three or
more light pulses vectorially, and to determine said physical
parameter from said combined data.

7. The distributed optical fibre sensor of claim 1 wherein
the sensor is arranged to adjust said one or more of the
plurality of different wavelengths in response to detected
properties of probe pulse light backscattered to the detector.

8. The distributed optical fibre sensor of claim 7 wherein
the detected properties are properties corresponding to a ref-
erence section of said sensing fibre.

9. The distributed optical fibre sensor of claim 8 further
comprising a relative phase bias calibrator arranged to exert
anoscillatory forcing on said reference section of optical fibre
into which the coexisting probe light pulses are launched, and
the sensor is arranged to adjust said one or more of the
plurality of different wavelengths using signals derived from
the detected backscattered light corresponding to said oscil-
latory forcing.

10. The distributed optical fibre sensor of claim 1 wherein
the probe light source is arranged such that backscattered
light from all the pulses of each group coexists within the
sensing fibre, and the detector is arranged to separately and
simultaneously detect light of each of said different wave-
lengths.

11. The distributed optical fibre sensor of claim 10 wherein
the detector comprises a plurality of photodetector elements,
and the sensor is arranged such that each photodetector ele-
ment detects light of a different one of the probe light pulses
in each group.

12. The distributed optical fibre sensor of claim 1 wherein
all the probe light pulses of each group coexist within the
sensor fibre.

13. The distributed optical fibre sensor of claim 12 wherein
all the probe light pulses of each group overlap within the
sensor fibre, or are launched by the probe light source at the
same time, or are launched within 2 microseconds of each
other.

14. The distributed optical fibre sensor of claim 1 wherein
the different optical wavelengths of the probe light pulses in
a group lie within a wavelength band of 1 nanometer width.

15. The distributed optical fibre sensor of claim 1 wherein
the parameter is a measure of vibration.

16. The distributed optical fibre sensor of claim 1 wherein
the parameter is indicative of an environmental influence to
which the sensor fibre is responsive.

17. The distributed optical fibre sensor of claim 1 wherein
the sensor is an interferometric sensor arranged to:

launch said probe light pulses such that interference signals

from each wavelength are separately detectable in the
backscattered light;

detect said interference signals in the backscattered light of

each optical wavelength, and;
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determine said parameter as a function of position along
the sensing fibre from said detected interference signals
of one or more of said wavelengths.

18. The distributed optical fibre sensor of claim 17 where
the sensor is arranged such that the detector detects coherent
Rayleigh noise at each of said different wavelengths, and the
analyser determines said parameter from properties of said
coherent Rayleigh noise of one or more of said wavelengths.

19. A method of operating a distributed optical fibre sensor
to determine at least one parameter as a function of position
along a sensing fibre from properties of probe light backscat-
tered within the sensing fibre, the method comprising:

launching probe light pulses into the sensing fibre, the

probe light pulses including successive groups each of
two or more probe light pulses having different optical
wavelengths to each other;

detecting probe light backscattered in said sensing fibre,

including separately detecting light of each of said dif-
ferent wavelengths; and

determining said parameter as a function of position along

the sensing fibre from said detected backscattered probe
light of one or more of said wavelengths, said determin-
ing comprising combining vectorially data derived from
the detected backscatter of at least two of said different
wavelengths, and determining said parameter from said
vectorially combined data; and

automatically adjusting one or more of said plurality of

different wavelengths to control the relative phase bias
between the interferometric backscatter of said different
wavelengths, such that the relative phase bias or biases
exhibit approximately constant phase spacing along the
length of the sensing fibre.

20. The method of claim 19 wherein the parameter is
indicative of an environmental influence to which the sensor
fibre is responsive.

21. The method of claim 20 wherein the parameter is deter-
mined from its effect on the backscattering of said probe light
giving rise to changes in interference signals detected in the
backscattered probe light.

22. The method of claim 19 further comprising determin-
ing said parameter as a function of position along the sensing
fibre from said detected backscattered probe light of all of
said wavelengths.

23. The method of claim 19 wherein said one or more of
said plurality of different wavelengths is automatically
adjusted to control the relative phase bias between interfero-
metric signals in the backscattered light arising from two or
more of said probe light pulses to be within /4 radians, or
more preferably within /8 radians, of zero or mradians of a
preselected phase spacing.

24. The method of claim 19 wherein one or more of said
plurality of different wavelengths is automatically adjusted to
control the relative phase bias between interferometric sig-
nals in the backscattered light arising from two of said probe
light pulses to be within /4 radians of m/2 radians, or more
preferably within 7t/8 radians of n/2 radians of a preselected
phase spacing.

25. The method of claim 19 further comprising determin-
ing said parameter using data derived from the detected back-
scatter of said probe light pulses of adjusted wavelength.

26. The method of claim 19 wherein the relative wave-
length differences between three or more of said probe light
pulses of different wavelength are controlled to introduce
pre-determined phase biases in the respective interferometric
signals, data derived from the selected backscatter of said
three or more light pulses are combined vectorially, and said
physical parameter is determined from said combined data.



US 9,304,017 B2

23

27. The method of claim 19 wherein said one or more of the
plurality of different wavelengths is adjusted in response to
detected properties of probe pulse light backscattered to the
detector.

28. The method of claim 27 wherein the detected properties
are properties corresponding to a reference section of said
sensing fibre.

29. The method of claim 28 further comprising using a
relative phase bias calibrator to exert an oscillatory forcing on
said reference section of optical fibre into which the probe
light pulses are launched, and adjusting said one or more of
the plurality of different wavelengths using signals derived
from the detected backscattered light corresponding to said
oscillatory forcing.

30. The method of claim 19 wherein the probe light pulses
are launched such that backscattered light from all the pulses
of'each group coexists within the sensing fibre, and the detec-
tor is arranged to separately and simultaneously detect light
of each of said different wavelengths.

31. The method of claim 30 wherein the detector comprises
a plurality of photodetector elements, and the method com-
prises each photodetector element detecting light of a differ-
ent one of the probe light pulses in each group.

32. The method of claim 19 wherein all the probe light
pulses of each group coexist within the sensor fibre.
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33. The method of claim 32 wherein all the probe light
pulses of each group overlap within the sensor fibre, or are
launched by the probe light source at the same time, or are
launched within 2 microseconds of each other.

34. The method of claim 19 wherein the different optical
wavelengths of the probe light pulses in a group lie within a
wavelength band of 1 nanometer width.

35. The method of claim 19 wherein the parameter is a
measure of vibration.

36. The method of claim 19 wherein the distributed optical
fibre sensor is an interferometric sensor;

said probe light pulses are launched into the sensing fibre

such that interference signals from each wavelength are
separately detectable in the backscattered light;

said interference signals are detected in the backscattered

light of each optical wavelength; and

said parameter is determined as a function of position

along the sensing fibre from said detected interference
signals of one or more of said wavelengths.

37. The method of claim 36 wherein the detected interfer-
ence signals are coherent Rayleigh noise at each of said
different wavelengths, and the parameter is determined from
properties of said coherent Rayleigh noise of one or more of
said wavelengths.



